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JET EFFECTS ON THE DRAG OF CONICAL AFTERBODIES
AT SUPERSONIC SPEEDS

By William B. Compton III
Langley Research Center

SUMMARY

A parametric investigation has been conducted in the Langley 4- by 4-foot super-
sonic pressure tunnel to determine the jet effects on the boattail drag of nozzles with
truncated conical afterbodies. The boattail drag for nozzle configurations with boattail
angles of 39, 50, and 10° and ratios of boattail length to maximum diameter of 1.0, 0.8,
and 0.6 was compared for the jet-off condition and for a wide range of jet pressure ratios.
The different nozzle configurations represented various supersonic positions of each of
three variable-flap convergent-divergent nozzles of different lengths. A nozzle configu-
ration with a circular-arc boattail was tested also. The tests were run at Mach numbers
of 1.83 and 2.20 with the model at an angle of attack of 0°. The Reynolds number per
meter was 14.70 X 106 and 12.20 x 106 at the Mach numbers of 1.83 and 2.20, respectively.

Results indicate that for these Mach numbers, at jet-exit static-pressure ratios
below about 2.5 the effect of the jet is generally confined to a small area at the rear of
the boattail. Also, there are indications that the jet-exit static-pressure ratio must be
well above 1 before the trailing-edge pressure is affected by the jet. The jet exhaust
generally had a greater influence on both the boattail pressures and the drag at a Mach
number of 1.83 than at 2.20. The exhaust jet had very little interference effect on the
boattail drag of the configurations with boattail angles of 3° and 5°; however, the inter-
ference effect was more pronounced for the configurations with a boattail angle of 10°,
Shortening the boattail always reduced boattail drag for a given boattail angle and static-
pressure ratio.

INTRODUCTION

Aircraft which have operational capabilities at subsonic, transonic, and supersonic
speeds require variable-geometry exhaust nozzles for which both the internal expansion
ratio and the external boattail angle must change with Mach number and altitude for opti-
mum performance. The wide ranges of boattail angles and external geometric variations
that are possible with engines proposed for these multimission aircraft, together with the
exhaust from their nozzles, have made precise prediction of the nozzle boattail drag diffi-



cult. Consequently, at the present time, experimental methods are generally used to
obtain accurate nozzle drag and jet interference.

The jet interference effects on the boattail pressures can be large, particularly at
subsonic speeds, for nozzles with large boattail angles and with the jet operating under-
expanded. The present investigation, which was conducted in the Langley 4- by 4-foot
supersonic pressure tunnel to provide parametric information on jet interference for the
variable-flap type of convergent-divergent nozzle, extended the Mach number range of an
investigation conducted in the Langley 16-foot transonic tunnel (ref. 1). Reference 1 gives
an extensive list of other investigations of jet interference on boattail drag. In the pres-
ent investigation, a nacelle model which supplied air for the jet exhaust was used to test
a series of fixed conical-boattail convergent-divergent nozzles. The geometric variables
were conical-boattail angle, nozzle length, and exit area. Data were obtained over a wide
range of jet pressure ratios at free-stream Mach numbers of 1.83 and 2.20, at an angle of
attack of 00, For the Mach numbers and the nozzle expansion ratios of the configurations
of this investigation, the jet interference effects on the boattail drag should be similar to
those for air-breathing turbine engines. Information on a reference nozzle with a
circular-arc boattail is included in the appendix.

SYMBOLS
A area, meters2
Am maximum cross-sectional area of model, meters?2
Dg

CD, 8 boattail pressure-drag coefficient, _E

. - Pg - P,
CP,B boattail pressure coefficient, —q
c length of convergent section of nozzle (see fig. 4), meters
D 8 boattail pressure drag, newtons
d diameter, meters
f axial distance from nozzle throat, positive aft (see fig. 4), meters
L boattail length measured in axial direction (see fig. 4), meters
z length of boattail flap measured parallel to boattail surface (see fig. 4), meters



M free-stream Mach number

p pressure, newtons/meter2

q free-stream dynamic pressure, newtons/meter2

5 distance from nozzle throat to exit (see fig. 4), meters

b4 axial distance from boattail corner, positive aft (see fig. 4), meters

o nozzle divergence half-angle (see fig. 4), degrees

B boattail angle, angle between axis of symmetry and generatrix of model

afterbody (see fig. 4), degrees

ACp 8 difference between boattail trailing-edge pressure coefficients at jet-on and
© jet-off conditions

6 calculated initial plume inclination angle, o + Av, degrees

€e nozzle internal-expansion ratio, Ae /Aty

t=0+8

0 nozzle convergence half-angle (see fig. 4), degrees

2 Prandtl-Meyer angle required to expand jet flow to jet exit conditions, degrees

Vo Prandtl-Meyer angle required to expand jet flow to conditions just downstream
of jet exit, degrees

Av difference between Vo and vy, degrees

¢ angular location measured in a plane perpendicular to axis of symmetry of
model, clockwise direction positive when viewed from rear, 00 at top of
model (see fig. 4), degrees

Subscripts:

b base




des design

e exit

i jet

m maximum

t total

th throat

B boattail

00 free stream

APPARATUS AND PROCEDURE

Wind Tunnel

The investigation was conducted in the Langley 4- by 4-foot supersonic pressure
tunnel, which is a single-return, continuous-flow tunnel capable of operating at stagnation
pressures of 28 to 207 kN/m2 at a stagnation temperature of approximately 316 K. By
use of interchangeable nozzle blocks, the Mach number can be varied from 1.41 to 2.20.

Model

The basic model to which nozzle configurations were attached was a cone-cylinder
nacelle with a rounded shoulder at the junction of the nose and the cylindrical section.
(See fig. 1.) A continuous flow of dry, high-pressure air at a total temperature of approx-
imately 270 to 300 K was used for the jet exhaust. Boundary-layer transition was fixed
at 2.54 centimeters from the nose of the model by a strip of No. 80 carborundum grit
approximately 5 millimeters wide. The model was supported from the tunnel sidewall
by a 5-percent-thick strut swept back with respect to the model and having a leading-edge
sweep of 45°. Figure 2 shows the area distributions for the model with a 5° boattail angle
and for the support strut. The details of the model, including the air introduction arrange-
ment, are shown in figure 3, with the path of the air indicated by arrows.

The configurations investigated were part of a series simulating various positions
of each of three variable-flap convergent-divergent nozzles. The series was formulated
by assuming that a variable-geometry convergent-divergent nozzle with a ratio of flap
length to maximum diameter of 1.0 would have a 0° boattail angle at a design jet total-
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pressure ratio of 34. The external geometry of the configurations was varied only aft

of axial station 104.14, the location of the theoretical hinge point for the nozzle flaps.

The fixed boattail angles B selected for investigation at supersonic speeds were 3°, 59,
and 10° for each of the three nozzles, which had respective ratios of flap length to maxi-
mum diameter of 1.0, 0.8, and 0.6. The original design philosophy of having three nozzles
of different lengths was to investigate the trade-off between boattail drag and internal per-
formance as the nozzle was shortened. Reference 1 gives further details.

A sketch of a typical variable-flap nozzle configuration is presented in figure 4, and
pertinent geometric parameters are listed for all configurations in the series. Those not
tested in this investigation are indicated by asterisks. At the theoretical hinge point of
the nozzle flaps, all nozzles had a cross-sectional area of 182.4 cm2. The junction of
the cylindrical section and the boattail was machined as a sharp corner and was at the
same station for all the variable-flap nozzle configurations. In keeping with the variable-
flap design, the difference between the exit and base diameters was kept small. (See
fig. 4.) A more extensive discussion of the basic model and the nozzle configuration
series is given in reference 1.

Instrumentation and Tests

Static pressures on the boattail surface, in the divergent part of the nozzles, on the
cylindrical portion of the model, and in the model-shell gap were measured with strain-
gage pressure transducers mounted in pressure scanning valves remotely located from
the model. The locations of the static-pressure orifices are given in tables I and II. The
total temperature and pressure of the jet flow ahead of the nozzle throat were measured
with a single thermocouple probe and a single total-pressure probe. ‘The measurement
of average fotal pressure with only one probe was found to be acceptable by making pre-
test rake surveys for several nozzles with various throat diameters. These surveys indi-
cated that the total-pressure profile in this region was essentially flat for all sizes of noz-
zles used in this investigation. All total-pressure measurements were made with indi-
vidual pressure transducers.

The tests were conducted at Mach numbers of 1.83 and 2.20 with the model at an
angle of attack of 0°. A sweep of the desired jet pressure-ratio range was made in dis-
crete steps from the lowest ratio to the maximum, and repeat points were taken as the
pressure ratio was lowered. A jet-off point was taken at the beginning and end of every
sweep. The jet pressure ratio was held constant as each point of data was taken.

The dewpoint of the tunnel was held at 244 K or less to avoid condensation. The
investigation was conducted at a total pressure of 124.12 kN/m2 which, with a total tem-
perature of approximately 316 K, gave Reynolds numbers per meter of 14.70 X 106 and
12.20 x 106 at the Mach numbers of 1.83 and 2.20, respectively.



Data Reduction

The boattail drag coefficient CD, B presented in this paper is the coefficient of
the nozzle external pressure drag on the axially projected area from A, to Ap. No
attempt was made to include the forces on the small rim at the nozzle exit between d,,
and dg. (See fig. 4.) The boattail drag coefficient is based on the maximum cross-
sectional area of the model and was computed by assigning an incremental area (projected
on a plane normal to the axis of symmetry) to each pressure orifice at ¢ = 0° and using
the equation

n
D,g = qA Z B,

To compare the effect of the jet plume on the boattail pressures of the different con-
figurations, an initial inclination angle of the jet plume was calculated for conditions at
which the nozzle was flowing full and at which there was a large pressure rise at the trail-
ing edge of the boattail. It was assumed that under these conditions the flow at this point
would be separated or the boundary-layer thickness would be increased. Hence, the
trailing-edge shock would be moved up the boattail, and the pressure at the trailing edge
of the boattail would be very nearly that to which the jet exhuast was initially expanding on
leaving the nozzle. These assumptions, together with the measured boattail static pres-
sure nearest the trailing edge p B’ were used to obtain the static pressure in the jet

exhaust immediately behind the boattail trailing edge. This pressure, the measured static
pressure at the nozzle exit Pe> and the jet total pressure were used to compute the turn-
ing angles vy and vy for the jet flow from the formulas given in reference 2. The
location of these pressures and the geometric angles used in the following calculations
are illustrated in sketch (a).

Jet
\’ boundary
B pBe Av 8
a Pe
7
Sketch (a)



The initial turning angle of the jet on leaving the nozzle is then
Ay = vg - 1
and the calculated initial plume inclination angle is
O0=a + Av

where o is the nozzle divergence half-angle.

If the external flow on the boattail had not separated, or if the boundary layer had
not thickened, the external flow would have to turn through an angle of

E=B+5

at the boattail trailing edge. This angle was used to iry to correlate the effect of the jet
plume on the boattail pressures for the different nozzles.

RESULTS AND DISCUSSION

Because the boundary-layer thickness and the flow field in general can affect boat-
tail drag, a brief description of the flow field about the model is included. A flow-field
survey was conducted at a Mach number of 2.20 for the model with a cylindrical afterbody
attached, and the results of the survey are reported in reference 3. Results indicated
that the strut had very little effect on the surface pressure distribution of a cylindrical
afterbody. The measured surface pressures on the model afterbody agreed very well
with those predicted by the method of characteristics. Boundary-layer total-pressure
profiles, which were measured at model stations of 104.14 and 110.29 centimeters, showed
that the boundary-layer thickness was approximately 0.1 of the model diameter and was
generally the same at all meridians except behind the strut, where there was a large loss
in total pressure. Reynolds number variation from 1.55 X 106 to 2.07 x 106, based on
body diameter, had only small effects on the boundary-layer profiles. The same results
would be expected at a Mach number of 1.83. Further information on the flow field is
presented in reference 3.

Figure 5 presents the pressure distributions at various meridians on an afterbody
with g=10° and 2/dm = 1.0. There is only a slight difference between the pressure
coefficients of the top and bottom rows; however, only the pressures on the top row were
used for purposes of comparison and integration into drag.

In figure 6 the measured boattail pressure distributions of the configurations with
Z/dm = 1.0 are compared with distributions calculated by the method of characteristics,
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assuming free~stream conditions ahead of the boattail. The comparisons are for the jet-
off case. Agreement between the measured and theoretical values of the pressure coeffi-
cients is, in general, excellent. The agreement at the boattail trailing edge as well as
farther forward indicates that at Mach numbers of 1.83 and 2.20 the boattail trailing-edge
pressure is not affected by the base pressure for 2/d,, = 1.0 and g =39, 5°, and 10°.

Figure T presents boattail pressure distributions at several values of jet pressure
ratio for each of the nozzles tested. Both the total-pressure and static-pressure ratios
at each condition are indicated on the plots. The divergence half-angle « for each noz-
zle is shown also. Instead of jet total-pressure ratio, most of the comparisons are made
on the basis of jet static-pressure ratio, a parameter more closely associated with jet

interference.

At the Mach numbers of 1.83 and 2.20, below static-pressure ratios of 2.5 the effect
of the jet on the boattail pressures is mostly confined to a small region at the rear of the
nozzle. This is contrary to results for subsonic flow, where the jet effects may extend
over the entire boattail length, an effect shown in the top part of figure 8 (from ref. 1).
Inspection of figure 7 and the bottom part of figure 8 reveals that for a given configura-
tion and jet pressure ratio, for the supersonic Mach numbers shown, the lower the Mach
number, the more the jet affects the boattail trailing-edge pressures. It also appears
that for a specific pressure ratio, the lower the supersonic Mach number, the farther
forward the jet effects extend. However, an accurate determination of the extent of the
region affected by the jet is precluded by the boattail orifice spacing. The pressure dis-
tributions for the 3° and 5° boattails indicate that the exit static-pressure ratio must be
well above 1 before the trailing-edge pressure is affected by the jet. Also, for a partic-
ular configuration, the pressure ratio at which the trailing-edge pressure starts to rise

increases with Mach number.

To determine the relative jet effects on the boattail pressures for different boattail
angles and lengths, it is desirable to compare different nozzles at the same conditions of
the jet exhaust. However, the various nozzle expansion ratios and divergence angles
of the nozzles tested precluded such a direct comparison. It was believed that for
these boattails and supersonic Mach numbers, plume blockage would generally create
most of the jet effects. Therefore, to compare the jet effects of the different boattails,
an initial inclination angle of the jet plume with the jet axis was calculated for each noz-
zle at several jet pressure ratios. This angle 6 was then used as a parameter in com-
paring the jet interference on the boattail pressures of the various configurations. To
understand the assumptions made in calculating 6, consider figure 9, a shadowgraph of
a 100 boattailed nozzle at a high jet pressure ratio and a corresponding sketch of the flow
at the boattail. When the jet plume causes the shock at the nozzle exit to detach and move
up the boattail, the boundary layer downstream of the first leg of the shock has either
thickened or separated. It was assumed that under these conditions no shocks would
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extend to the downstream end of the boattail surface, so p 8.’ the boattail pressure at
e

this point, would be the pressure to which the jet was initially expanding. Then the mea-
sured value of this pressure and the measured value of Pe> the internal pressure nearest
the nozzle exit, were used to calculate the initial inclination angle of the jet by the method
described in the section ""Data Reduction." The calculations were made only for points
for which the boattail trailing-edge pressure coefficient was substantially higher than the
jet-off value. The large rise indicated that the trailing-edge shock had moved upstream
on the boattail. Under these conditions, the nozzle flow was also underexpanded.

Figure 10 shows the effect of 6 on ACp, B’ the change in the boattail trailing-
e

edge pressure coefficient from the jet-off value, for the various boattail configurations
tested. The figure indicates that, as would be expected, for a particular configuration
the pressure rise caused by a given plume angle is greater at a Mach number of 1.83
than at 2.20.

In figure 11, ACp, Be is shown as a function of ¢, the hypothetical total angle
through which the flow on the boattail would have to turn at the trailing edge. The plot
was made in an attempt to correlate the effect of the jet plume on ACp, Be for the differ-
ent boattail angles. Since the points for the various boattail angles do not fall on the same
curve, the figure suggests that the pressure rise at the trailing edge of the boattail is not
just a function of the total external-flow turning angle. Again, this result would be
expected, since for the same free-stream Mach number the external flow on the boat-
tails with different angle is at slightly different local Mach numbers and is flowing
against different pressure gradients.

In figures 10 and 11, ACp’ B’ the ordinate, also partially determines the plume
angle. If an investigator had a configuration similar to the ones in this investigation, he
might assume several values of ACp, Be’ calculate ¢, and plot the coordinate values on
figure 11. The point of intersection of the curve from the assumed values with the appro-

priate curve presented in figure 11 would represent a solution and would yield a value of
ACP,Be‘

Even though the jet may greatly affect the pressures over a small portion of the
boattail, it is the effect on drag that is of primary interest in the final analysis. Fig-
ures 12 to 16 present the boattail pressure-drag coefficients of the configurations tested.
In figure 12 the jet-off pressure-drag coefficient is shown as a function of Mach number
for a Mach number range of 0.3 to 2.2. The data for Mach numbers of 1.3 and below are
from reference 1, and, as explained in reference 1, the level of the unfaired data near
M = 1.0 is questionable because of possible effects of strut interference and reflected
bow shock. The theoretical pressure-drag coefficients presented in the figure were
obtained from pressure coefficients calculated by the method of characteristics and from



slender-body theory as described in reference 4. In the calculations by the method of
characteristics it was assumed that free-stream conditions existed ahead of the boattail,
an assumption slightly in error because at free-stream Mach numbers of 1.20 and 1.30
the local Mach numbers just ahead of the boattail were approximately 1.22 and 1.32,
respectively. At free-stream Mach numbers of 1.83 and 2.20 the local Mach numbers
just ahead of the boattail were not known. Agreement between the measured and theoret-
ical values of drag is very good except for the slender-body theory at a boattail angle of
100,

Figures 13 and 14 show the variation of the boattail pressure-drag coefficients with
the jet exit static-pressure ratio and the jet total-pressure ratio for Mach numbers of
1.83 and 2.20. For the static-pressure ratios of the tests, the jet exhaust had very little
effect on the boattail drag of the configurations with boattail angles of 3° and 5°. The
drag of the configurations with boattail angles of 10° was affected much more by the jet.
Also, for the configurations with boattail angles of 3% and 59, the exit static-pressure
ratio attains a value greater than 1 before the boattail drag starts to decrease with
increasing pressure ratio. The pressure ratio necessary to make the boattail drag
decrease is greater for a Mach number of 2.20 than for 1.83. Most noticeable from the
data for the configurations with a boattail angle of 10° is the greater effect of the jet on
the boattail drag at the lower Mach number. These last three effects could be expected
from the pressure distributions (fig. 7).

Figure 15 shows the effect of Mach number on the incremental boattail pressure-
drag coefficient (jet on minus jet off) due to jet operation at constant pressure ratios.
The data at Mach numbers of 1.3 and lower are from reference 1. The figure illustrates
again that through the supersonic Mach numbers tested, the magnitude of the jet effects
tends to decrease as the Mach number increases. The jet affected the boattail drag most
in the high subsonic to low supersonic speed range.

Figure 16 presents the variation of boattail pressure-drag coefficient with boattail
flap length at several constant values of jet-exit static-pressure ratio. At Mach numbers
of 1.83 and 2.20, for a constant boattail angle, the boattail drag continuously decreases as
the nozzle is shortened. This effect was not always found at subsonic speeds (ref. 1),
where shortening the boattail sometimes increased the drag by eliminating a portion of
the boattail on which the pressures had recovered to values greater than those of the free
stream. To obtain the total change in the afterbody force for a nozzle as it is shortened,
changes in the internal performance have to be included.

It should be pointed out that these effects of the jet exhaust on the nozzle boattail
pressures and drag are in the comparatively simple flow field of an isolated nacelle. In
the more complicated flow field of a twin-engine configuration with interfairings the over-
all effects may be quite different, as shown in reference 5, because the local flow field for
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each nozzle, which greatly influences the jet effects, is not axisymmetric and is strongly
influenced by the interfairings between the nozzles.

CONCLUDING REMARKS

An investigation was conducted in the Langley 4- by 4-foot supersonic pressure
tunnel to determine the jet effects on the boattail drag of nozzles with conical afterbodies.
The results indicate that for the configurations tested, at Mach numbers of 1.83 and 2.20
and for jet-exit static-pressure ratios below 2.5, the influence of the exhaust on the boat-
tail pressures is generally confined to a small area at the downstream end of the boattail.
This finding is in contrast to results for subsonic speeds, at which the jet frequently influ-
enced the pressures over the entire length of the boattail. Also, the jet-exit static-
pressure ratio generally must be well above 1 before the trailing-edge pressure is
affected by the jet.

The jet exhaust generally had a greater influence on the boattail pressures, and
therefore on drag, at a Mach number of 1.83 than at 2.20. Jet interference was more
pronounced for the configurations with boattail angles of 10° than for those with boattail
angles of 3° and 5°.

At supersonic speeds, shortening the boattail always reduced boattail drag for a
given static-pressure ratio.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., June 15, 1972.
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APPENDIX
STANDARD NOZZLE WITH CIRCULAR-ARC BOATTAIL

An exhaust nozzle with a circular-arc boattail and geometry that conformed to
recommendations of the Supersonic Tunnel Association (S.T.A.) for a standard nozzle was
tested on the air-powered nacelle to provide data for comparison with data from other
tunnels on nozzles of the same configuration. A sketch of this nozzle with its orifice
locations is shown in figure 17. The jet total pressure for the standard nozzle was the
average measurement of the five internal rake tubes.

Jet-off boattail pressure-coefficient distributions for the circular-arc nozzle are
presented in figures 18 and 19. Figure 18 shows that the pressures on the bottom of the
nozzle are affected by the strut wake; therefore, as in the body of the report, only the
pressures on the top are used for further comparisons, calculations of drag, and so forth.
The pressure coefficients for the top row of orifices and those computed by the method of
characteristics (fig. 19) agree very well except near the trailing edge, where there is a
shock on the boattail.

The variation with free-stream Mach number of the jet-off boattail pressure-drag
coefficient of the standard nozzle is presented in figure 20 (the data at Mach numbers of
1.3 and below are from ref. 1). The theoretical drag coefficients shown in the figure were
obtained from boattail pressure coefficients calculated by the method of characteristics
and from slender-body theory as described in reference 4. The calculated values do not
agree very well with the drag coefficients obtained from the measured pressures because
of the shock near the end of the boattail in the real flow. The application of slender-body
theory is further handicapped by the steepness of the boattail, which begins to violate the

assumption of that theory.
Figure 21 presents the boattail pressure-coefficient distributions on the standard
nozzle for several values of jet pressure ratio. Both the total-pressure ratios and exit

static-pressure ratios are indicated. The effect of the jet exhaust on the boattail pres-
sures is similar to the effects for the conical-boattail nozzles discussed in the main part

of the report.

In figure 22 the boattail pressure-drag coefficient of the standard nozzle is pre-
sented as a function of the jet total-pressure ratio and of the jet-exit static-pressure ratio.

12
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TABLE I.- NOZZLE SURFACE ORIFICE LOCATIONS

Nondimensionalized axial distance from boattail corner to orifice, x/dy,, for —
g:a’g Boattails with 1/dy, = 1.0; | Boattails with 1/ =08 | poayasis with 2/ = 0.6;
B =389, 5, and 10° 8 = 30 and 5° g = 100 B = 3%, 5°, and 10°
- -0.02 -0.02 -0.02 -0.02
.02 .02 .02 .02
.08 .08 .08 .08
0 and 90 { 25 20 .20 .15
.50 .40 .40 .30
5 .60 .60 .45
.97 .18 R .58
( .02 .02 .02 .02
45, 135, 157.5, .25 .20 .20 .15
{ .50 40 40 30
and 180
.75 .60 .60 .45
L 97 .18 7 58
TABLE II.- NOZZLE DIVERGENT-WALL ORIFICE LOCATIONS; ¢ = 337.5°
Nondimensionalized axial distance from nozzle throat to orifice, f/dy,, for —
Boattails with 7/dp, = 1.0 Boattails with 7/d), = 0.8 Boattails with 7/dmy, = 0.6
=39 B = 59 and 10° p=3° | p=5° | g=10° | g=3% | g=5° | g=10°
0.17 0.17 0.17 0.17 0.15 0.17 0.16 0.17
.33 .33 .34 .34 .32 .34 .33 .34
.50 .50 .50 .50 A48 .50 .49 42
.67 .67 .67 .67 .65 .66 .66 .50
.83 .83 .5 .75 .73 .15 T4 .59
91 .92 .83 .84 .82 .83 .83 .67
1.00 1.00 .92 .92 .90 .91 .91 5
1.08 1.08 1,00 1.00 .98 .84
1.16 1.17 1.08 1.08 1.07 .92
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Figure 4.- Geometry and dimensions of variable-flap nozzle configurations. All dimensions are
in centimeters unless otherwise noted.
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Boattail pressure coefficient, Cp 8
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Boattail pressure coefficient, Cp, B
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Boattail pressure coefficient, Cp, 8

. T
‘ il ‘
0 ’ 411
o ] t
IRERL u
| T
o ] TS
-1 I l'
’ " 4‘://
%
_ LT ey :
N
Nz dn. TIT]
ATATT ]
10)g ] T
0 pHH T A
¥ ! 1%
I LT
] FRUBR 1]
- VN e ]
i Japasct. g 1H
__, LTI -
.2
. §%; ccass g
& |11
I 74: Hm A
4K I
1 1 2
’ ’ 1 1] 7
| il C
. l’/—’ -
it
—.2
-.2 (o) .2 4 6 .8 1.0

Ratio of axial boattail distance to model diameter, X/dm
(e) p=10° M =1.83.
Figure '7.- Continued.

popp>OOO oorppbdoOo

oDppFDODO

Z/dm=0.6

a=3,0°
Pti/Po  Pe/P
Jet off Jet off
3.10 0.705
4,91 1.109
5.50 1.240
9.22 2.060
12.12 2718
15,00 3.362
16.87 3,788
1/dm=0.8
a=0.9°
Pti/Po  Pe/Po
Jet off Jet of f
3.10 1.089
6.12 2.142
9,08 3.150
12.21 4,189
14,92 5062
16,72 5657
1/dm=1.0
a=0.8°
Pt,i/Poo Pe/Poo
Jet off Jet off
3.97 1.306
6.20 2.041
9.26 3.046
12,11 3.995
15,25 5.029
19,19 6.324
20,69 _



A -
HHHITHITHTHH H I
Ll 1/d=06
i LT ary=aw
6 : 1 ’/’IEE'(/// a=30°
11 T Pti/ P Pe/ Py
Hi IHE O Jetoff  Jet off
T3 "f il o 6.22
T i il O 10.09 2.241
—} L L Z L A 1504 3,338
! = 14294 1 N 20.00 4.421
PHHY D 24.96 5.550
T 3 a 3002 6.610
|t L E o 33,28 7.388
-2 ! SHSSNSNES
Q
< VrTETTH T
(&) ;tt l ::;~ e
v T [ HET T L T Ydm=08
N G A b 2
o o] i - s £ - /P P
% I3 / RS n °,i/Po  Pe/Pw
3 :1':';;1 .‘.:1.] ' (f 1 ij l,) O Jet off Jet off
@ "ff{ T NI 0 618 2.144
2 | i H i o A LA S 10,17 3.555
8 H o L R ' A 1523 5.028
& SESSNRRES - .. SB4 ALY ;
s i il N 20.20 6.659
= S D 25,16 8.775
£ 'L:.,Jﬂ‘.] I H [ { { 0 30.24 10.476
8 _, BESERset IRRTNEERRT RRRRRE: 1{ il © 3i.68 10.975
. B LI SR A 1 - Zd =|.o
: T :::i;:::::::...w.“?i’f f; /m
SEEERS ERNSYIERE o i FFE a=0.8°
peareet SESS HERS T EERRTRNAE LB L Pt i /P P
Sunn ERlliinRiE [ Tl bl Pe/Ro
o L] el SERERIAK PNERIRE S ABRiN$ O  Jet off Jet off
Sl H j:ij} | J i , f o 7.55 2.450
: NN ! i & 997 3.300
TR ‘;JM } ' I ‘ y ' & 1513 4.944
ol i 1 A ‘/-’lzidj 4l N 20.08 6.513
-.1 [ N { , ’ X ARZERE S SuBiEE i b 25,12 8.216
1 :]*t kel 1 T TT o 30.04 9.794
SHEI I I o 35113 11.425
SRR 0 4006 5.0}
EEPAN RS REEEY FSSUEURESL EERRS RERSE b

~-.2 0 .2 4 .6 .8 1.0
Ratio of axial boattail distance to model diometer, x/dm

) p=10° M=2.2.
Figure 7.- Concluded.

26




.2 Pt
= M=0.90 =
Z/dm ‘? | JIT i
06 O ¥ / r)gr ]
1 ’/‘ | AT
.”5-/‘ 7 4 i/),
| %
Bl 1K a2
8 0 fd T P e »
‘ ftgj" 4 rd S
LT | LA A T .
m/,,".@fr /| Ll b 1T ﬁ (pf»i/poo)des 314
2] //Ew ' ” // LA T ::———-‘iﬁ'ﬂ .::_:-— P 8 a=0.8°
10 © & M LA A T e ot
Ay (j/);/ 1 L4 |
N
-2 /| ¢ p
i
B Y
«Q —.4 ; e
& CARRRNT
O % T
- Wi
‘E —.6 /y T
2 L 1]
= -8 /‘5’l T pt, j/poo | T
kS ' 1 T o et off g
(8] - T . 2 N
o -1.0 O 4
@ n 6
@ D 8
[
8 ZUH wiieo " T T
3 Z/Odg‘ 0 . . Lt j/p"C’)des= o2
g . n KL s
m ok T,
4 ,’ L T
F LT | N
L4141 -1 -
o o d - . =3.14
P2 iand T LT L | ke (pt, J/pa))des
8 0 = : LT
|y (-4 1 a=09°
& . ) 2 " /;:
i jéﬁj S g
LT I P o i P -3.14
[ O O n/‘#/""w’ : /[3’/ L =] T (pt"l/pm)des :
' ol 7 {F ] avoe
-2 L e el T
Lt T B
—.4 ‘a,') o 4
) . ‘ :
—. | 0 . .2 3 4 5 6 7 .8 .9 1.0

Ratio of axial boottai! distance to model diameter, x/dp,

Figure 8.- Boattail pressure distributions at various pressure ratios for nozzles with

boattail angles of 10°. ¢ =0°. (From ref. 1.)

27



” Jet bouhdary Edge of circular inserts
in test section wall

L s T st

L-72-243
(2) Shadowgraph. py /b =40.06; p./p, =13.051; o =0.8%
M =2.20; g=10°% i/dy =1.0.

\'Shock

Region of separation or increased
boundary-layer thickness

Jet boundary

(b) Sketch.

Figure 9.- Flow field in vicinity of nozzle exit with an underexpanded jet.

28




8y
g ao< ‘Jud1014}800 aunssasd abpa-bBuljipiy 1044D0Q |DJUBWIALOY|

deg

Calculated initial plume inclination angle, 8,

1.83.

(a) M

Figure 10.- Effect of initial plume inclination angle on the incremental boattail

trailing-edge pressure coefficient.

29



B, deg

® 3
20 BT Il s 0
L 30 =0.6
s it ﬂ ‘rbm—#r “*
Eaul 7:— //.
F /
.10 i ¢ +
05 i
i |
L |

- 20 [T

H 3/d,=08

.05

Incremental boattail trailing-edge pressure coefficient, Acp 8
* Fe

2O [T L
E /dm10 L
Lol ity { et
i il
JJOHH ]
. L{
H |
05
(¢] 5 10 15 20 25 30 35 40

30

Calculated initial plume inclination angle, §, deg

(b) M =2.20.
Figure 10.- Concluded.

as



T — - ® 5

o~
=
3
"
(@]
[)]
T
H
1
NN Nl

o
;
IEEERNNEORENEE

20| Lo ®
Wi

DA s

I

.05 »

RERRRSSEE

_204|||nr||||||1 ' u—"——_%_L_*-’,
1/d=08 i

2S5

Ydp =10 1M '
1 / \ A__-.-Q-&—Lr$ i

.20 '

Incremental boottail trailing-edge pressure coefficient, ACp, Be

e X

1T

I

-
——
ISEEN
1
LT

10 15 20 25 30 35 40 45 50 55
£, deg

(a) M =1.83.

Figure 11.- Effect of hypothetical boattail flow turning angle on the incremental
boattail trailing-edge pressure coefficient. £ =6+ 3.



B, deg

3
5
10

*

H

0.6

20 T
/0
i
I

15

.10

w 3
g9y

E =

—f o

‘4ud1914902 aunssasd abpa-buijios} 104iD0Q |DJUBWAIIY|

.10

55

50

a5

40

35

30

25

20

15

10

£, deg

(b) M =2.20.

Figure 11.- Concluded.

32



B, deg

Meaosured
data

Method of
characteristics

Slender-body
theory, ref. 4

33

2.2

2.0

1.8

1.6

14

1.2

1.0

Free-stream Mach number, M

T
] 5 _ ]
M I 11 4
1
¥ ]
¥ : it i, Hl
I i
I + 4
¥, i) !
ol 11l
i} I
I
)}
| s
< £4
] T )i i 7.
)
] ; ¥ = ]
13 1 3
T ') T
I 14 1 ¥
b Jr I
I /4 1 )
! /) 7 -
J- 1l T ’a
's T T E
¥ /A ]
s L/ |
) i 7 ==
4 7 I & {
4 ju— 17 | = L..
£ T + == = 7
et Sy / A, p U S 7
& daansnbt il T ||Mu|. T /4
T - 77
(4 b . /4
/) ] | - - —- - 77
A—dne =
| —— ey M / Bister i Sehgaiy i A5
- o - - [CiTIITTIIio y/ad 1T ——
& = 5 <
<z -~ T S _—
5= S (i
O = o . <2 >3
(02 10 sl enlsbme € SR ry R ¢ S e L3 3
| —— £
H——0 = v £
(5 CE— —— [1TToTT < 3= o]
. N R ST e —~ZS o B
(= -
=D =~ g e — — -
e — T — - emrmme e oo
> T & O
A & L= r_l- i o
X, T — 13
e _
v S Fo Ay
v Be ¢
oRé - e — - {
[ 1
3 i &—|
= c= 2
I 1= I
= e 5O
= Lt -
S W - et s o 1—T
= = - - 11
e e R 1 g L
Ton - I TN d ha
i e {
- m - LT LC ho S \_J
ey ﬂ PR ERR G AR e
TR LTIl I T o LIl LITITTIIIT T
o 2 S oa s
o] (o) o o] o
o - - o

Q.oo ‘Juaio131000 Boup-aanssaud |10j400Qg

Figure 12.- Variation of jet-off boattail pressure-drag coefficient with Mach number.



Jet Jet
off on m

® o 1.83
] o 2.20

I Yi-0i]
T a=72° |
o Ho L i AL
* HIJ Hlll
T |
o | e
OO
PO | e
g o " RO L | Hi?l??.leloll;
A | (il
LI il i
I i’
0 -T;t R RTRIPTRTTH il nﬁtﬁﬁoulg
i
oo i i
0] I 2 3 4 5 6 7

Jet exit~pressure ratio, pe/poo
(a) B =309,

Figure 13.- Variation of boattail pressure-drag coefficient with jet-exit static-pressure
ratio. Flagged symbols indicate data taken as pressure ratio was decreased.

34



u o 2.20
05 _ - )
#FML i ik \ e
|| s | il
H\ H \ \ i
~.05 ! 1l l A

|
(@)
o

Boattail pressure-drag coefficient CD B
(@]
o %)
——s—
1) )
| O\
™
O——
N
P
S £ S
8
g 3
SE
11 b

05 q110
H*%J#c 5 Il rhﬂ‘m\ | [rJ : Lol
e
|

o

0 | 2 3 4 5 6 7
Jet exit-pressure ratio, Py /poo

(b) B=5°
Figure 13.- Continued.

35



Boattail pressure-drag coefficient, CD B

36

.05

@)

@)

O
o

@)

o

.05

Jet

Jet

of f on M
® O 1.83
o a 2.20
ez
a=3.0° 7
H SUNEA T
RN pni o=t AnNlEgol
i il
aam BRLE it ‘
T 7/dm=08
; R = i a=09° ]
e [RTRe i
ENEn =T Y ’:AL N
?3—5J5-~1:II“~-—~ i
] Rbyil
5EE{4;A 1/dm=1.0
[T \[ Y REYZY a-0.8°
un LY f‘é\\u .
u RN e f
St AT HHe e
~
2 4 6 8 10 12 14
Jet exit-pressure ratio, pe/p00
() B=100°,
Figure 13.- Concluded.

THm



Jet  Jet
of f on M

™ o 1.83
. o 2.20
05 TOOU LT LTI T e
£ 1/d,=06
s a=7.2°
i S G A -Or i 3 saar s SNNNAN
O o) AY T
. ¥
-.05
Y
=1
(&]
5 05
8 U/d. =0.8
(]
S a=5.8°
g o Bily - 3143;-@ AN it flﬁ-{ﬂ ESREE
©
® ]
3
n
|
& -05 ol
;—6_.
]
Q
m
05 I
| /4, =10
a-=48°
o _ ¢ ( { “"(2()1’3‘"(‘ \R‘—-'(J r-‘N rq\ ]l [ ;H lH
—.05 -
o) 5 10 15 20 25 30 35 40

Jet total-pressure ratio, pf,j/poo
(a) B=~30.

Figure 14.- Variation of boattail pressure-drag coefficient with jet total-pressure ratio.
Flagged symbols indicate data taken as pressure ratio was decreased.

37



Jet Jet

off on M
° o 1.83
. O 2.20
05 . : —
i , V=06 ]
OHHS d R 1 T @=6,0° 1
\ g
oH ‘ N \ A 1
L_i L
il
—-05L
Q
UOF
H 05 .
é Hl . E_U . U/dm=0.8
§ TR R =59 i i H - a=4.4°
g 0 i i i { Ny :
? ..
&) -
@ 5
2
&  -05
.:t_g
o
®
05 —r .
TR IRz
#‘H ("2 ¢ ] Q SV r_* R B a=3.2° E
- \ M| | ] ]
o il SRS
il ‘ I
e TR i
o 5 10 15 20 25 30 35

38

Jet total-pressure ratio, Pt j/p00
(b) B=5°.
Figure 14.- Continued.



Jet Jet

of f on
® O 1.83
] o 220

(@]

O

o)
o

(@]

Boottail pressure-drag coefficient, CD B

1] Z/dm=o.6;
a=30°
8 RN LT
f TR
' ) T i S S NUREENYER
] HHHH7/dm=0.8]
He T HIT “HHa-0.9°
; TR :
s ]|
i T :
\ L |
1
“““““ T /4,10
Venl 11 i B R .
h Q| I a=0.8°
N N 117 fi —..—--...___'&
, ] A1
15 20 25 30 35 40

Jet total-pressure ratio, Pt, ]/poo

(c) =100,
Figure 14.- Concluded.



Pe/Pao

1.0
—————15
———20

‘Jualol4)00 Houp-21nssald |10}4DOG [DJUBWAIIU|

2.2

1.4 1.6 1.8 2.0

1.2
Free-stream Mach number, M

(@) p=~30.

Figure 15.- Effect of Mach number on incremental boattail pressure-drag coefficient due

(Data at Mach numbers of 1.3 and lower are from ref. 1.)

to jet operation.
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Figure 17.- Sketch of S.T.A. nozzle showing geometry and orifice locations.
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Dimensional and geometric parameters

dyp=762 dp=7.77
L/dy=1.286  dp/d,=0.510
Ap/Am=0260  Ag/Ap=0962
A /Bm=0.250  s/dyp, =1.000
e =1.000

are in centimeters unless otherwise indicated.
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